This research work aims to characterize and model the failure initiation in bainite-aided dual-phase (DP) steel. Combined electron backscatter diffraction (EBSD) and electron probe microanalysis (EPMA) measurements were applied to quantify the constituents (ferrite, martensite, and bainite) in the microstructure. Mini tensile test with digital image correlation (DIC) analysis was carried out and linked to local scanning electron microscopy (SEM) analysis to identify macroscopic failure initiation strain values. SEM measurements showed that the crack initiation occurs in martensite islands. A microstructure-based approach by means of representative volume elements (RVE) modeling combined with extended finite element method (XFEM) was utilized to model martensite cracking on mesoscale. The identified parameters were validated by comparing the predictions with the experimental results.
Introduction
Since dual-phase (DP) steels show a combination of the high strength with good ductility, they are widely used in the automobile industry. [1] These good properties are attributed to the microstructure of DP steel, which normally consisted of hard martensite particles dispersing in a soft ferrite matrix. [2] Bainite can also be formed in DP steel due to improper industrial heat treatments. Since the mechanical and failure behavior of DP steels, it significantly depends on the microstructure of these materials. Presence of bainite in the microstructure, affects the mechanical behaviors of DP steels as well. [3] Many researchers investigated the effect of bainite content on the ferrite-bainite-martensite steels. [4] [5] [6] Sudo and Iwai [4] indicated that reducing the bainite content in ferrite-bainitemartensite steels causes a decrease of the ratio between the tensile and yield strength but an increase in the percentage elongation and strain hardening exponent. Kim et al. [5] suggested that small amounts of bainite in ferrite-martensite DP steels lead to an increased yield strength and ductility but it also decreases the tensile strength. Matlock et al. [6] investigated the effect of the microstructure on the mechanical properties of micro-alloyed ferrite-bainite-martensite steels and reported inferior tensile properties and toughness for these steels in comparison to conventional steels. Application of DP steels is restricted due to their complex failure behavior, which depends on the microstructure of these materials. Therefore, many research works are recently conducted to study failure behavior of DP steels. DP steel fails in a ductile manner, which can be divided into three stages: void nucleation, void growth, and void coalescence. Until now, mainly three observations in the fracture of DP steels have been proved: voids formation because of the brittle fracture of martensite; interface decohesion between martensite and ferrite, and the ductile failure of ferrite matrix. [7] [8] [9] [10] [11] Even though at macroscopic scale, DP steel exhibits uniform and homogenous deformation, but due to its grain level inhomogeneity, the microscopic deformation is instable. Shen et al. [8] used a scanning electron microscope (SEM) equipped with a tensile straining stage to illustrate the inhomogeneous strain distribution between ferrite and the martensite grains in DP steels. According to their investigation, the ferrite phase starts to deform immediately and at a much higher rate than the delayed deformation of martensite phase, so the volume percentage of martensite in the DP steel will influence the failure mechanism. Maire et al. [12] investigated the failure behavior of DP steels based on the situ tensile tests. In their study, X-ray tomography has been used to quantify the evolution of damage. They observed both martensite cracking and ferrite/martensite interface debonding during the test. Tasan [13] have recently stated the fact that there are some other mechanisms that are acting in parallel to the simple damage mechanism. Among these mechanisms, the strain localization and shear banding attracted the most attention. He et al. [14] studied the fracture mechanism in fine and coarse martensite morphology with 0.09 and 17% martensite. Their results indicated that with coarse martensitic structure, the initial void formation occurs due to cracking of the martensite, followed by the interfacial decohesion at the ferrite/martensite interface. On the contrary, the finely dispersed martensite microstructure, the voids mainly formed in the interface of the martensite/ferrite. Kim and Thomas [15] have reported that the formation of voids in DP steels depends on the morphology of the martensite. For coarse martensite distribution, the failure occurs by cleavage, while for globular and finely distributed martensite, the void initiation occurs at the ferrite-martensite interface and does not occur at the martensite particles. Calcagnotto et al. [16] investigated failure behavior of DP steels with different grain sizes. Their research showed that while in classical DP steels (of coarse grain and high impurity) the cleavage fracture and grain split cause failure, while in modern DP steels (of fine grain and low impurity) grain boundaries play the significant role. Recently, failure modeling in DP steels is a subject of interest for several research groups [17] [18] [19] [20] [21] [22] [23] [24] [25] . They approach the topic through different scientific methods. Sun et al. [17] and
Choi et al. [18] studied the failure mode and ultimate ductility of DP steels using a microstructure-based model in different loading and boundary conditions. In their studies, ductile failure was predicted as the result of plastic instability in the form of strain localization triggered by the microstructurelevel inhomogeneity between the hard martensite and ferrite phases. Uthaisangsuk et al. [19] investigated the failure of DP steels using RVE approach. They utilized a cohesive zone and Gurson-Tvergaard-Needleman model (GTN) models to study the ferrite-martensite debonding and ferrite degradation, respectively. Vajragupta et al. [20] utilized XFEM with traction separation law and damage curve to study martensite cracking and ferrite degradation in DP steels, respectively. By combining these two damage models in the RVE model on microscopic scale, they investigated different failure modes in DP steels. Ramazani et al. [21, 22] characterized and modeled the failure initiation in DP steel with 46% martensite using XFEM. They carried out in situ bending test with EBSD measurements before and after the test. They also performed a mini tensile test with digital image correlation (DIC) analysis in order to characterize failure initiation in DP steel. In situ analysis of bending test in large-chamber SEM (LC-SEM), which is combined with electron backscatter diffraction (EBSD) measurements, in a conventional field-emission gun SEM (FEG-SEM), before and after the test showed that crack initiation occurs in martensite islands and during plain stress condition. The current research work aims to characterize and model the failure initiation in the bainite-aided DP steel. Mini tensile test with DIC technique was carried out to identify responsible local macro strain for martensite cracking, which was considered as boundary condition in microstructure calculation. 2D representative volume elements (RVE) were defined based on real micrographs. The flow behavior of single phases was modeled using a dislocation density based Kocks-Mecking type work-hardening approach. Extended finite element method (XFEM) with traction-separation law (TSL) was locally utilized to model the martensite cracking type failure initiation in bainite-aided DP steels. The failure strain in martensite was identified from 2D RVE simulations, using first order homogenization and based on mini tensile results. The identified parameters were validated by comparing the predictions of microstructure deformation during tensile test with the experimental results from SEM analysis.
Experimental Section

Materials
The material used in this study is a commercial DP steel (DP-K34/60þZ). It was cold-roll-annealed to a thickness of 1.5 mm, as shown in Figure 1 . The nominal chemical composition is presented in Table 1 .
Quantification of Microstructure Using Combined EBSD and EPMA
EBSD mappings were performed on a field-emission SEM equipped with a Hikari camera and TSL OIM software to characterize the microstructure of the studied material. The phase identification was improved and validated by measuring the spatial distribution of carbon using electron probe microanalysis (EPMA) measurement. A Schottky fieldemission gun electron microprobe was utilized to characterize and to show carbon content in the microstructures. Based on the characterization result, the final segment of the microstructure can be identified. The elaborated details of the combined EBSD and EPMA techniques are given in ref. [26] 
Uniaxial Tensile Test and Fractography
Tensile samples were cut from the sheet, according to ISO 6892-1. The sample geometry that was utilized for mechanical testing is shown in Figure 2 . Three tensile tests were performed parallel to the cold-rolling direction at a velocity of 4 mm min À1 at the Zwick 100.
After the tensile test fractography was done on the fracture surface of the samples, the fracture tensile specimens were first the longitudinal direction and then quantitatively analyzed after being polished.
Mini Tensile Test with Digital Correlation (DIC) Technique
To clarify the local strain and the position of the failure initiation, DP steels, mini tensile test with DIC technique was utilized on the studied bainite-aided DP steel. The geometry and dimensions of tensile test specimen is illustrated in Figure 3 .
DIC is an advanced non-contact optical technique for the strain and displacement measurement. [27] In order to have accurate grid of computational assessment, the black areas development pattern should be small, but at the same time we should consider the fact that it should be small but large enough to be completely assessed based on the camera resolution factors associated with it. Moreover to be accurately tested, the sample should not include continuing bright spots in the pattern. [28, 29] Within the deformation, various images of the pattern components were taken, analyzed, and compared. However, the selected area is illustrated in Figure 4 . Moreover, due to brightness and shading limitations, the assessed areas were a little smaller compared to the width of the extensometer. After tensile testing conventional W-Gun SEM was performed on both sides of prepared fracture surfaces. The acceleration voltage was 25 kV. The working distance was 10-12 mm. The loaded and failed specimen was cut along loading direction in the center line. Here, the microstructure evolution by means of SEM was analyzed to observe where the crack initiates and to match with local strain measurement by DIC data. It helps to identify the dominant failure mechanism and to quantify the critical initiation strain. After cutting, the investigated surface of the specimen was polished mechanically with diamond paste and followed by electro polishing. After etching, the microstructures were observed with a conventional W-gun SEM (DSM 962 by Zeiss). SEM images were taken at various positions, which were selected at different distances from fracture surface ( Figure 5 ). The etching was applied via the method of 3% Na 2 S 2 O 5 for 30 s.
Micromechanical Modeling
RVE Generation
In a former study, the size and number of constituents in an RVE as well as the mesh size influence were identified. [30, 31] According to this approach, a 2D RVE from the real microstructures of bainite-aided DP steel was created. To make the RVE from the EBSD/EPMA segmented microstructure (Figure 6a ), the meshing program OOF, Version 2.4, 2007, was used (http://www.ctcms.nist.gov/oof/). Quadraticelements with parabolic form functions were used. The generated RVE based on the real microstructures of the developed DP steel is shown in Figure 6b . Periodic boundary conditions using a developed FORTRAN-based program were imposed on the RVE.
Single Phase Flow Curve Modeling
In the current work, the elastic modulus for ferrite and martensite is assumed to be 210 GPa. [31] The flow curves of ferrite and martensite are quantified based on a dislocationbased strain hardening model. [32] This model emerges from the classical dislocation theory approach of refs. [33, 34] and from the work of ref. [35] The model constants are quantified by Rodriguez and Gutierrez [32] and Thomser et al. [36] and are reported in Equation (1) and (2).
where s and e are responsible for the von Mises stress and equivalent plastic strain, respectively. The description of each term in Equation (1) is given below and the values, which are used were found from an earlier work. [37] For bainite, the effect of solid solution carbon strengthening is marginal compared to the effect of dislocation strengthening. [38] So, for bainite, Ds is a function of the prior austenite grain size and transformation temperature. The transformation temperature dependency of Ds arises from the fact that Ds depends on transformation dislocations. [39, 40] Decreasing bainitic transformation temperature would increase the amount of transformation dislocation and increase its Ds value. Similarly, prior austenite grain size would also influence Ds of bainite, as it can influence the bainitic transformation temperature and kinetics. [38, 40] According to the research results from Ramazani et al., [41] Ds of bainite in this work can be calculated as Equation (5) . They obtained the micro hardness map of the bainitic heat affected zone (HAZ) in gas metal arc (GMA) welded DP600 steel and the results showed that the average hardness in the bainitic region is equal to the hardness of the base DP material that consists of ferrite and martensite. Based on these experimental findings, the hardness of bainite has been considered to be the average hardness of ferrite and martensite following a mixture rule. Furthermore, there is a general direct relationship between 
where V is the volume fraction of phases.
The last term in Equation (3) is the strain-dependent part. It is deduced from the literature, [37, 42] where M T is the Taylor
L is the dislocation mean free path: for ferrite, it is the average grain diameter (d a ), which was determined experimentally, and for martensite, it is 3.8 Â 10 À8 m. [42] The dislocation mean free path for bainite is assumed to be the average distance between low angle grain boundaries on random directions. The bainitic laths are generally 0.2 mm in width. [43] Therefore, L is considered as 2 Â 10 À7 m in this study. k r is the recovery rate: for ferrite, it is 10 À5 /d a and for martensite, it is 41. [42] This term is considered to be 10
À5
/d g , where d g is the prior austenite grain size. As using the bainitic ferrite lath width in a Hall-Petch equation gives much too high a strength contribution, using the prior austenite grain size seems to give more reasonable values. [40, 44, 45] Consequently, the recovery rate of bainite in multiphase steels can be estimated as a function of prior austenite grain size. Therefore, the prior austenite grain size should be identified. For this purpose, the prior austenite grain size was identified by modeling the microstructure of the studied steel in the intercritical annealing temperature (760°C) using Micress software. The parameters used in Micress and their values were obtained from literature. [46, 47] They are summarized in Table 2 .
The heating rate to the intercritical annealing temperature was a two-step procedure. In step one; the heating rate was 10°C s À1 to 680°C. This was followed by a slower heating rate of 1°C s À1 to 760°C. The intercritical annealing time was 2 min. The simulated microstructure is demonstrated in Figure 7 . Afterwards, the austenite grain size was determined by the ASTM E12 standard. By following this procedure, the austenite grain size was identified as 12 mm. The dislocation mean free path, L, and the recovery rate, k r , for ferrite, martensite, and bainite are also reported in Table 3 .
Extended Finite Element Method (XFEM) and Parameters Identification
Cleavage fracture is defined as the rapid propagation of a crack along a defined crystallographic plane. It often occurs at low temperature and is activated when the first principal stress reaches the cleavage fracture stress. Thus, to perform numerical modeling of cleavage fracture, a stress-based criterion has been applied. Moreover, according to the conventional finite element method, the modeling of crack or failure depends on the use of mesh being conform to geometric discontinuities. Consequently, conventional approach in FE simulation of fracture in material requires mesh refinement. Therefore, the FE results of crack initiation and crack growth are strongly mesh-dependent. To ease this problem, the XFEM, which also allows the application of stress-based criteria, was introduced. [48, 49] The principle of XFEM is to deploy a local enrichment of approximated spaces through the partition of the unity concept into finite element approximation. With special enriched function combined with additional degree of freedom, the presence of discontinuity is possible. This enrichment functions consist of the near-tip asymptotic functions, which take the singularity around the crack tip and a discontinuous function that represents the jump in displacement across the crack surfaces into account. Then, the approximation for a displacement vector function, u by partitioning the unity enrichment is [48, 49] u ¼
with N I (x), usual nodal shape function; u I , usual nodal displacement vector associated with the continuous part of the finite element solution; H(x), discontinuous jump function across the crack surface; a I , product of the nodal enriched degree of freedom vector; F a (x), elastic asymptotic crack-tip functions; b a I , product of the nodal enriched degree of freedom vector.
The first term in Equation (6) is applied to all the nodes while the second term is valid for nodes in which shape function support is cut by the crack interior and the third term is applied only to nodes whose shape function support is cut by the crack tip. Figure 8 illustrates the discontinuous jump function across the crack surface, H(x), which is defined by; [50] [51] [52] HðxÞ
with x, sample Gauss point; x*, point on the crack closest to x; n, unit outward normal to the crack at x*. Furthermore, Figure 8 also shows the asymptotic crack tip functions in an isotropic material, F a (x), which is given as; [49, 51] F a ðxÞ ¼ ffiffi
with (r, u) is a polar coordinate system with its origin at the crack tip.
The damage onset and progression were modeled with the so-called cohesive segments method in conjunction with phantom nodes. [50, 52] The phantom nodes or superposed original real nodes were utilized to represent the discontinuity of cracked elements. When an element is intact, the phantom nodes are constrained to their corresponding real nodes. But when a crack cuts through the element, a part is formed consisting of the real nodes and a phantom node depending on the orientation of the crack. The principle of the phantom nodes is shown in Figure 9 . For controlling the magnitude of separation with XFEM, cohesive law was defined. A separation occurs when cohesive strength of cracked elements reaches zero. To define a set of full interpolation bases, part of cracked element belonged in the real domain, V 0 , is extended to the phantom node, V p . With the integration over the area from the side of the real nodes up to the crack; i.e., V þ 0 and V À 0 , the jump in the displacement field is possible. This XFEMbased cohesive segments method can be used to simulate crack initiation and propagation along an arbitrary, solutiondependent path in the bulk materials, since the crack propagation is not tied to the element boundaries in a mesh. With this approach, the near-tip asymptotic singularity is not required and only the displacement jump across a cracked element is considered. Hence, the approximation for a displacement vector function with the partition of unity enrichment is deducted to: [52] For the combination between cohesive segments method and XFEM, a TSL is implemented. The appropriate shape of the TSL for brittle material is shown in Figure 10 . To define the TSL, the maximum cohesive stress and a suitable damage evolution law for degradation of material stiffness must be identified. In this work, the maximum principal stress criterion (MAXPS) is used for describing damage initiation. The brittle material is assumed to lose its stiffness as soon as the damage initiation criterion is reached and linear degradation behavior with steep slope is assigned as damage evolution law.
The maximum principle stress criterion (MAXPS) using critical failure stress (s c ) and failure energy (E c ) is applied to describe damage initiation. Martensite is assumed to lose its stiffness as soon as the damage initiation criterion is reached and linear degradation behavior with steep slope is assigned as local damage evolution law on mesoscale. [19] [20] [21] 53] For this purpose, the correspondent local strain for failure initiation in DP steels in mini tensile tests with DIC technique was first determined. [20, 53] Micromechanical modeling based on 2D
RVE calculations was performed in order to identify the average equivalent strain in martensite when the crack initiation occurs. Therefore, the simulations were conducted up to the determined local failure strains from the experiments. Then, using first order homogenization strategy, [54] average equivalent plastic strain in martensite was calculated. The correspondent stress for this strain can be considered as critical stress for martensite cracking, s c , and it was calculated from the flow curve of martensite according to fracture toughness theory, [55, 56] critical failure energy for martensite failure, E c , was calculated from the martensite stress-strain curve.
Correlation Between 2D and 3D Flow Curve Modeling
Since real specimen deforms three-dimensionally, 2D modeling approaches cannot predict the flow curve of the material precisely. The predicted flow curves obtained from 2D modeling should be correlated to the 3D ones by introducing a correlation factor. Ramazani et al. [31] quantified the stress ratio (s 3D /s 2D ) based on the 2D and 3D RVE calculations for DP600 steels with various martensite phase fractions (V m ¼ 0-50%) at different equivalent plastic strains varying from e p eq ¼ 0 À 0:1. The developed correlation factor is a polynomial equation containing terms for both the martensite fraction and the equivalent plastic strain (Equation 10). The elaborated details are given in ref. [31] s
As Equation (10) was already validated for different industrial DP steels, it was used to correlate the predicted 2D flow curve to a 3D flow curve. Because the percentage of bainite (third phase) in the material is low (5%), this developed correlation factor for DP steel with two phases is applicable. More details can be found in ref. [40] 4. Results and Discussions
Microstructure Characterization
Compared to ferrite, bainite normally has more dislocations and therefore, to distinguish it Kernel average misorientation (KAM) is needed. However, in DP steels, distinguishing is even more complex since transformationinduced geometrically necessary dislocation (GND) zones around martensite islands. Therefore, the EPMA carbon intensity map is combined with KAM to finally identify the bainite areas. The regions with high misorientation (>0.5o) and containing carbon content are assigned to bainite. The Figure 11a shows the KAM result from the EBSD mapping without the martensite islands and the Figure 11b shows the EPMA carbon intensity map in which the martensite and [3] bainite area are highlight. Figure 11c represents the corresponding final segment of bainite-aided DP steel. Combining EBSD and EPMA, martensite covers 30% of the measured area, while bainite covers just 5% of this area. A detailed description of the data could be found in ref. [26] According to the results of EPMA measurement, carbon and manganese were estimated to be 0.72 and 1.56 wt% in a martensite, respectively. However, manganese concentration was found to be similar in bainite as 1.60 wt%. [26, 40] According to carbon solubility in iron, the carbon concentration in ferrite was considered as 0.004 wt%. The concentration of the other elements was found to be homogeneous in all phases; the nominal concentration was used in the modeling.
[40] Figure 12a shows the experimental flow curves of three parallel tensile tests on the studied DP steel. Small, but still existing scatter can be found what fits well with the expectations for this steel quality. Figure 12b shows the top of a failed specimen under uniaxial tension. The side view of the localized area of the sample shows a shear failure mode where the fracture surfaces are inclined almost at 45°with respect to the loading direction. Red line in Figure 12b shows the cutting line for microstructural investigation. SEM images were taken along this line on the thickness direction. Here, the deformation in the top view can be considered to be under a plane stress loading condition since the thickness of the specimen is much less than the width and the mesoscale of simulation is reasonable smaller than the macroscale of tensile specimen. [17] Therefore, the RVE for tensile modeling as shown in Figure 6 was modeled with plane stress elements (CPS4R) to simulate the failure mode in the material. Figure 12c shows the fracture surface of tensile specimen. The micrographs reveal the ductile fracture modes of the steels. This suggests a failure process of void nucleation and growth.
Uniaxial Tensile Test and Fractography
Mini Tensile Test with DIC Technique Evaluation and XFEM Parameters Identification
Mini tensile test was carried out and analyzed using DIC technique to investigate the microstructural evolution during tensile test and to quantify the local strain along the tensile axis. Combining these local strain values with the SEM analysis along the center line allows the matching of failure initiation position and local strain in the center of deformed specimen. During tensile test, images were taken at the surface in every second. Then, strain distributions can be captured in different deformation steps in the evaluated zone, as shown in Figure 13 .
After tensile test, the broken samples showed visibly necking near the fracture surface because the width and thickness decreased while the specimens were elongated. Thus, the facture mode in DP steel is ductile and it should be identified where the micro crack starts. For this purpose, surfaces perpendicular to the fracture surface were also analyzed. Figure 14 shows the microstructure evolution by means of SEM in the center line along loading direction in the investigated DP steel where the crack initiates. As can be observed in this figure, the failure initiation occurs in martensite. Furthermore, from Figure 13 and 14, the local strain at failure initiation position in tensile was estimated as e t f ¼ 0:068. This value is used to identify the parameters for failure initiation modeling.
Flow Curve of Single Phase
Calculated single phase flows curves of ferrite, martensite, and bainite for studied bainite-aided DP steel, as described in Section 3.2, are depicted in Figure 15 . Ferrite shows lowest strength while martensite presents the highest strength. No work hardening can be seen in the martensite flow curve after approximately 0.02 true strain. The flow curve of bainite is located in between those of ferrite and martensite. Bainite possesses the highest work hardening in comparison to the other phases. 
XFEM Parameter Identification
The corresponding local failure initiation strain in the studied bainite-aided DP steel in mini tensile tests with DIC technique was first determined as e t f ¼ 0:068. To identify the equivalent crack initiation strain in martensite e f,m , 2D RVE micromechanical modeling was performed until macroscopic failure initiation state e t f ¼ 0:068. Figure 16 and 17 illustrate the contour plot of von Mises stress and equivalent plastic strain on mesoscale at e t f , respectively. While the hard martensite carries stresses of more than 2200 MPa, the ferrite shows much lower stresses. On the other hand, martensite undergoes small plastic strain while the development of shear bands is observed in ferrite. These bands of localized plastic strain in ferrite are observed at 45°to the tensile direction and they might probably be over predicted because of the plane stress condition. It is worth to be mentioned that martensite undergoes finite plastic strains in all cases what is in line with experimental findings in literature. [57] [58] [59] Based on these results, the corresponding average equivalent plastic strain in martensite was calculated to be e f, m ¼ 0.018 using first order homogenization strategy. [48] The correspondent stress for this strain can be considered as critical stress for martensite cracking and it was calculated from the flow curve of martensite (s c ¼ 2119 MPa). Critical energy (E c ) for martensite failure was considered as the area of below martensite stress-strain curve and calculated as E c ¼ 12.6 J m
À2
. [53, 55, 56] The developed failure parameters are applied in XFEM to simulate the crack initiation.
Modeling of Failure in DP Steels Using XFEM
The initiation of cracks in quasi-static problems is studied using XFEM. Numerical tensile tests were carried out on the generated 2D RVEs of DP steel. The evolution of stress and strain in the RVEs can be obtained from these numerical tensile tests. Figure 18 shows the contour plot of von Mises stress and damage evolution on microscale at e b f ¼ 0:068. A comparison between experimental and predicted true stress--true strain curves from 2D RVE calculations is demonstrated in Figure 19 . Also, the corrected 2D flow curve to 3D flow curve is shown using correlation factor as explained in Section 3.4. It can be seen, that the corrected 3D flow curve is in good agreement with the experimental flow curve in both conditions. Comparison between experimental and simulated flow curves reveals that the simulations show roughly the same crack initiation strain as experiments.
Summary and Conclusions
Martensite cracking has been identified to be the main failure initiation mechanisms in the bainite-aided DP steel. Mini tensile test with DIC technique offers the quantification of martensite failure initiation as function of macroscopic loading. Quantitative identification of parameters for XFEM modeling of martensite cracking has been performed and validated by numerical versus experimental tensile test comparison. Comparison between experimental and simulated flow curves shows good agreement. 
